Here, we demonstrate the first successful isotope labeling of Ala carbons in hornet silk produced by the larvae of Vespa (Vespinae, Vespidae) mandarinia. This labeled hornet silk was examined by high-resolution 13 C solid-state NMR, and it was found that the fraction of Ala residues in a-helical conformations compared with Ala residues in the overall conformation of hornet silk can be quantitatively determined from Ala C a NMR peaks. The value for this a-helical Ala fraction is close to that of the fraction of Ala residues in coiled-coil structures estimated in the four major hornet silk proteins by coiled-coil prediction analysis. This result indicates that most of the Ala residues in a-helices occur in those a-helices with a coiled-coil structure, and that the number of Ala residues in a-helices without a coiled-coil structure is small. Moreover, coiled-coil prediction analysis indicated that the potential coiled-coil domains are located only in the central portion of the protein chains of the major hornet silk proteins. From these results, we confirmed that the a-helical conformation mostly forms in the central portion of the hornet silk chains, whereas the ends of the protein chains are nearly devoid of a-helical structure. We deduce that the ends of the protein chains would preferentially adopt a b-sheet conformation.
INTRODUCTION
It is common knowledge that silkworms and spiders produce silk. 1 However, it is not widely known that the larvae of hornets (Vespa, Vespinae, Vespidae) also spin silk (hornet silk) and produce cocoons before pupation. [2] [3] [4] The structure of hornet silk has been reported in our recent studies. [5] [6] [7] [8] [9] [10] [11] [12] The amino-acid sequences of six types of hornet silk proteins of Vespa simillima xanthoptera Cameron have been determined. 5, 6, 10 Of these six proteins, four are major and have similar characteristics. These four major proteins consist of an alanine(Ala)-rich domain at the center of the chain and serine(Ser)-rich domains at both ends of the chain. 6, 10 Hornet silk proteins contain both a-helices and b-sheets. 12 In addition, hornet silk contains coiled-coil structures, 10 which are a common feature of the silks of the social Hymenoptera (bees, ants and hornets). 3, 13 The coiled-coil structure consists of several a-helices wound around each other. 14 The a-helices that form the coiled-coils are characterized by a 7-residue (heptad) repeat, conventionally denoted as (abcdefg) n . The positions a and d are normally occupied by hydrophobic residues. 15 Using coiled-coil prediction programs to search the heptad repeats of the primary structures, the location of potential coiled-coil domains in hornet silk proteins was predicted. 10 The results indicated that coiled-coil structures exist only in the Alarich domain, and not in the Ser-rich domains. From this result, we confirmed that a-helices exist in the Ala-rich domain, as the a-helix is a prerequisite for the formation of a coiled-coil structure. Indeed, Ala is known to be an amino acid that stabilizes a-helices. 16 We believe that the Ala-rich domain adopts an a-helical conformation, whereas Ser tends to be b-sheet stabilizing. 8 However, to date, we have yet to adequately demonstrate the absence of a-helical conformation in the Ser-rich domain. Even if no coiled-coils exist in the Ser-rich domain, the existence of a-helical conformations without a coiled-coil structure in the Ser-rich domains cannot be discounted.
As Ala is the most abundant amino acid in hornet silk and is dispersed throughout the entire protein, Ala residues are present not only in the Ala-rich domain but also the Ser-rich domains. 10 Therefore, information on the entire structure of hornet silk proteins, including the Ser-rich domains, is expected to be obtained from a structural analysis of the Ala residues in hornet silk. We believed that the existence of a-helical conformations without a coiled-coil structure would be clarified from a comparison of the two types of Ala fractions in the total Ala in hornet silk: the fraction of Ala residues within a-helical conformations and the fraction of Ala residues within coiled-coil structures. If the fraction of Ala residues within a-helical conformations in hornet silk is greater than that in coiled-coil structures, then a-helical conformations without a coiledcoil structure exist in hornet silk. In this case, there is a probability that a-helical conformations without a coiled-coil structure exist in the Ser-rich domains. If, however, the Ala fraction within a-helical conformations is equal to that in coiled-coil structures, then it can be assumed that in hornet silk there is only a small amount of a-helical conformation without a coiled-coil structure. Accordingly, the probability of a-helical conformations without coiled-coil structures existing in the Ser-rich domains is small.
To experimentally determine the fraction of the total Ala residues in hornet silk that are in an a-helical conformation, high-resolution 13 C solid-state NMR is an ideal tool, as all the peaks attributable to Ala C a , C b and carbonyl carbon (C ¼ O) in hornet silk cocoon can be discriminated in a high-resolution 13 C solid-state NMR spectrum. 12 In addition, the differences in the NMR chemical shift values of Ala carbons in the a-helical conformation and other conformations are large enough to separate into each peak. 6 Each of the Ala C a , C b and C ¼ O peaks in the high-resolution solid-state NMR spectrum of hornet silk gives identical structural information on the Ala residues; that is, each of the three peaks consists of two components: a-helical and b-sheet conformations. In addition, all of the three peaks indicate that the amount of Ala in a-helices is greater than that in b-sheets; that is, each Ala carbon in the a-helical conformation resonates more strongly than those in b-sheets. However, the ratios of the peak intensities of Ala in a-helices and b-sheets differ among Ala C a , C b and C ¼ O. Accordingly, the quantitative ratio between Ala residues in a-helices and b-sheets has been difficult to determine from intensities of the peaks. This difference may be because Ala peaks overlap with the other peaks. When the peak overlaps with other peaks, the observed peak intensity becomes stronger than the genuine peak intensity. Quantitative analysis of the abundance ratio for a-helical Ala and b-sheet Ala is necessary to experimentally determine the fraction of the total Ala residues within the a-helical conformation in hornet silk.
To avoid the issues of peak overlap in NMR spectra, selective isotope labeling is often effective. Among the numerous peaks in the NMR spectrum of silk, only the peaks attributable to isotope labeled amino acids are enlarged. Isotope labeling of amino acids in silk fibroins from moth larvae and spiders has been well studied. [17] [18] [19] [20] [21] One method to biosynthetically label silkworm silk is through the use of an artificial diet supplemented with isotope-labeled amino acids during the fifth-instar larval stage. Isotope-labeled silk fibroin can then be collected from the cocoon. 19 Using this method to label hornet larvae, isotope-labeled hornet cocoons are expected to be obtained.
In this study, we attempted to obtain isotope-labeled hornet silk in which only the Ala carbons were substituted by carbon-13 and to quantitatively analyze the fraction of Ala residues in hornet silk in an a-helical conformation by means of solid-state NMR. Further, in order to clarify the existence of a-helical conformations without a coiled-coil structure, this fraction was compared with the fraction of Ala residues in hornet silk within coiled-coil structures estimated using data calculated using a coiled-coil prediction program. Finally, the molecular structure of the Ala-rich and Ser-rich domains in hornet silk is discussed based on the results obtained.
EXPERIMENTAL PROCEDURE Silk samples
Nests of V. mandarinia and V. simillima xanthoptera Cameron were collected from the field in the city of Tsukuba, Japan during 2011 in the autumn, which is the active season for this hornet. The hornet silk was carefully gathered from the comb cells.
The fifth-instar V. mandarinia larvae in the collected nests were bred until they started spinning silk. The larvae were successfully bred on a diet of larval saliva, which consists mainly of amino acids 22 and is suitable as bait. It is widely known that adult hornets subsist on a diet of larval saliva, as they are unable to consume solid foods because of their constricted abdomens. 23 Figure 1 shows a schematic representation of the process by which hornet cocoons containing [ 13 C 3 ]Ala-labeled silk proteins are prepared using isotopelabeled amino acid. At first, the target larva used to administer the isotopically labeled amino acid was selected from mature larva (fifth instar), which was called the 'labeling larva' (Figure 1b ). In addition, larval saliva was also collected from hornet larvae other than the labeling larvae ( Figure 1a) . DL-alanine (10 mg) with uniformly labeled 13 C ([ 13 C 3 ]Ala) purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) was dissolved in 125 ml of larval saliva. The 125 ml of [ 13 C 3 ]Ala saliva solution was orally administered to the labeling larvae ( Figure 1 ) three times per day, and this procedure was continued until the fifth-instar larvae started spinning silk (7-10 days). [ 13 C 3 ]Ala-free saliva solution was also frequently administered to the labeling larvae.
Solid-state NMR measurements
High-resolution solid-state 13 C NMR spectra were recorded using an Avance 600 WB (Bruker, Karlsruhe, Germany), with a magnetic field of 14.1T. The spectrometers were operated at a 13 C NMR frequency of 150.94 MHz. The samples were placed in a solid-state probe and spun at a magic-angle spinning (MAS) frequency of 10.0 kHz in a 4.0-mm-f zirconia rotor. For the 13 C 901 single pulse (direct polarization (DP)) experiments, the 901 pulse length for the 13 C measurements was 3.75 ms. In the cross-polarization (CP) experiments, a 1 H 901 pulse length of 3.5 ms and 1 H-13 C CP contact of 70 kHz was employed. The high-power 1 H decoupling using the SPINAL-64 method was employed for both DP and CP methods. The repetition time for the CP experiments was set at 3.0 s. All the spectra were calibrated using adamantane as the standard, and the chemical shift of the adamantane CH 2 peak appearing at 29.5 p.p.m. was referenced to the tetramethylsilane peak appearing at 0 p.p.m.
Bioinformatics analysis
The Ala and Ser-rich domains in the amino-acid sequences of hornet silk proteins were determined by the PROSITE database of protein domains (http://kr.expasy.org/prosite). The coiled-coil formations in the amino-acid sequences of the hornet silk proteins were predicted using the Multicoil program (http://multicoil.lcs.mit.edu/cgi-bin/multicoil) and MARCOIL (http://toolkit.tuebingen.mpg.de/marcoil). Quantifying the fraction of alanine residues T Kameda RESULTS AND DISCUSSION Isotope labeling of hornet silk The 13 C CP-MAS spectra of hornet cocoons produced by larvae that were orally administrated DL-Ala-13 C 3 are shown in Figure 2b together with that of native cocoons (natural abundance) produced by the larvae of V. mandarinia (Figure 2a ). An apparent difference was observed in these spectra, and some specific peaks were only enhanced in Figure 2b . As the positions of these enhanced peaks were in an area similar to those peaks in the 13 C CP-MAS NMR spectrum of DL-Ala-13 C 3 (Figure 2c ), the enhanced peaks in Figure 2b were believed to be attributable to Ala carbons. However, there is a possibility that these enhanced peaks were merely attributable to the administered DL-Ala that adhered to the cocoons. However, this possibility was refuted by the peak widths and chemical shift values of the enhanced peaks (Figure 2b) , especially the chemical shifts of Ala C a and C b , which were different from the peaks of DL-Ala (Figure 2c) . Moreover, when the structure of hornet silk was changed from a-helix to b-sheet by incubation in hot water, 6 all of the enhanced peaks were also shifted (Figure 2d and e) . The chemical shifts of the enhanced peaks before and after structural changes are in agreement with those of Ala carbons in the hornet silk within a-helix and b-sheet, respectively. 6 From these results, we confirmed that the enhanced peaks in Figure 2b were not attributable to the administrated DL-Ala, but were attributable to the Ala C a , C b and C ¼ O incorporated in hornet silk, that is, the orally administered [ 13 C 3 ]Ala was biosynthetically incorporated into the hornet silk proteins.
It is widely known that Ala is metabolized in the production of other amino acids. 24 In spiders, Ala is metabolized in the production of other amino acids during the biosynthesis of silk proteins, and the carbons labeled in Ala are scrambled into other amino acids in the silk proteins. 20, 21 Conversely, in hornet silk, the Ala carbons are welllabeled, whereas other carbons are less labeled, as shown in Figure 2b . This suggests that the most of the Ala is fixed in hornet silk without further metabolism. Even though the amount is small, there is a possibility that some of the Ala is metabolized; however, the product (pyruvic acid) may not be used for the premetabolic compound of amino acids incorporated into hornet silk proteins. A possible reason for the low Ala metabolism is the following: as Ala is the most abundant amino acid in hornet silk (up to 30% of the amino-acid composition), 10 a large amount of Ala is consumed during the biosynthesis of hornet silk. Therefore, if the silk proteins were biosynthesized under low Ala uptake, transamination from Ala to other amino acids would likely be repressed. Actually, the larval saliva used as the labeling larvae bait in this study contains only 6% Ala. 22 Quantitative analysis of the fraction of Ala in an a-helical conformation in hornet silk In Figure 3 , the expanded Ala C ¼ O, C a and C b regions of the 13 C CP-MAS spectra are shown for unlabeled and labeled cocoons with thin and thick lines, respectively. In the Ala C a peak region, the spectra of hornet cocoons labeled at two different labeling rates (two Figure 2 The 13 C CP-MAS NMR spectra of cocoons produced by hornet larvae (a) and DL-Ala-13 C 3 administered hornet larvae (b) of V. mandarinia, together with the spectra of DL-Ala-13 C 3 powder (c) and the cocoon in Figure 2B 13 C CP-MAS NMR spectra of hornet cocoons produced by larvae (solid thin lines) and DL-Ala-13 C 3 administered larvae (solid thick lines) of V. mandarinia. The Ala C a region of the spectra of hornet cocoons produced by V. simillima xanthoptera Cameron larva (dotted thin line) and another DL-Ala-13 C 3 administered V. mandarinia larva with different labeling rate (dotted thick line) is also shown. All the peaks attributable to Ala C ¼ O, C a and C b in an a-helical structure are adjusted to the same intensity. Arrows indicate the difference in the peak intensities between the unlabeled and labeled cocoons.
Quantifying the fraction of alanine residues T Kameda thick spectra of Ala C a peak regions in Figure 3 ) and two unlabeled cocoons from two different hornet species, V. mandarinia and V. simillima xanthoptera Cameron (two thin spectra of Ala C a peak region in Figure 3 ), are shown. In all of the spectra in Figure 3 , all the peaks attributable to Ala C ¼ O, C a and C b in an a-helical structure were adjusted to the same intensity. In Figure 3 , the difference between the unlabeled and labeled cocoons can be seen in the peak intensities of Ala C ¼ O and C b in b-sheets (indicated by arrows). These differences were due to the overlap of Ala C ¼ O and C b peaks with other amino-acid peaks. If no other peak overlapped with the Ala C ¼ O and C b peaks, the intensity ratio of the b-sheet peak to a-helix peak was unchanged even if the hornet silk was labeled at various rates. Overlap of C ¼ O peaks for Ala with those for other amino acids can be easily recognized because the C ¼ O peaks for all other amino acids appear in a narrow range from 170 to 180 p.p.m. On the other hand, Ala C b peaks are considered to overlap with the peaks of side-chain carbons of other amino acids, such as Thr C g and Val C g . 25, 26 In contrast, in case of Ala C a , the line shapes of the a-helix and b-sheet peaks completely overlap in all of spectra (Figure 3 ), which indicates that the intensity ratio of the peaks in a-helical and b-sheet structures was identical in both unlabeled and labeled cocoons and in cocoons labeled at different labeling rates. This correspondence was due to the fact that no other peak overlapped with the Ala C a peaks, which is significant for the analysis of the fraction of Ala in an a-helical conformation in hornet silk. The abundance ratio of Ala residues in a-helix and b-sheet can be estimated from the intensity ratio of the Ala C a peaks in a-helix and b-sheet, if only the quantitative high-resolution 13 C NMR spectrum of hornet silk is obtained.
When the 13 C MAS NMR spectrum was obtained using the DP method with a repetition time of over 5 Â T 1 (C), the intensity ratios of each peak corresponded exactly to the abundance ratio, where T 1 (C) is the longitudinal relaxation time of 13 C. The T 1 (C)s of the Ala C a in a-helices and b-sheets, determined by Torchia NMR pulse sequence, 27 had a value of 5 s. Therefore, the 13 C DP-MAS spectrum for quantitative analysis of Ala C a peaks can be obtained when the repetition time sets over 25 s. The peak intensities of Ala C a in the 13 C DP-MAS NMR spectrum with a repetition time of 25 s were deconvoluted into two peaks-one at 53.4 p.p.m., which was attributable to Ala in an a-helical structure, and one at 50.2 p.p.m., which was attributable to b-sheet. From these deconvolution data, the fraction of Ala residues in a-helices was estimated to be 56% (Figure 4) .
In order to generalize the method used to determine the fraction of Ala residues in the a-helices in hornet silk, the affect of the NMR measurement conditions on the Ala fraction value was examined. Although isotope-labeled cocoons were used in this study, when unlabeled cocoons are used as the sample, with a repetition time of 25 s, it is difficult to obtain a sufficient signal-to-noise spectrum to conduct peak deconvolution in detail within the limited amount of time. As described above, the T 1 (C)s of the Ala C a in a-helices and b-sheets were identical, which indicates that the intensity ratio of the peaks of the Ala C a in a-helices and b-sheets in 13 C DP-MAS NMR spectrum is identical independent of the repetition time. Predictably, the intensity ratio of the peaks of the Ala C a in a-helices and b-sheets in 13 C DP-MAS NMR spectra at various repetition times were almost identical (Figure 4 ). This result indicates that the 13 C DP-MAS spectrum for quantitative analysis of Ala C a peaks can be obtained, even with a shorter repetition time.
On the other hand, the CP method has an advantage for obtaining 13 C NMR spectrum under shorter repetition times. However, the peaks obtained using the CP method do not necessarily always exactly correspond to the abundance ratio. 28, 29 Thus, the values for the Ala fraction in an a-helical conformation determined from the peak intensities of the Ala C a in 13 C CP-MAS NMR spectra at various contact times were compared with those determined from 13 C DP-MAS NMR spectra (Figure 4) . It was found that the Ala fraction values are independent of contact time and almost identical to those determined using the DP method. This result indicates that a quantitative analysis of the Ala C a peaks in hornet silk can be performed using the 13 C CP-MAS NMR spectra at any contact time. On the basis of the above-mentioned results, the fraction of Ala in an a-helical conformation in hornet silk was estimated to be approximately 60%, a value that is relatively consistent independent of the NMR method and conditions used.
Furthermore, because the line shape of the spectrum in the Ala C a region of the V. mandarinia cocoon was in complete accordance with that for the V. simillima xanthoptera Cameron cocoon (Figure 3) , it can be said that the fraction of a-helical Ala in these species is identical. It is known that the hornet silks produced by these two species have similar protein compositions. 9 Consequently, we confirmed that the fraction of Ala in a-helices in the hornet silks produced by V. mandarinia and V. simillima xanthoptera Cameron larvae is also approximately 60%.
Molecular structure of hornet silk proteins
Ala is the most abundant amino acid in hornet silk. Although Ala residues are most abundant in the Ala-rich domain, they are also found to a lesser extent in the Ser-rich domains. Figure 5 shows the fraction of Ala residues in coiled-coil domains, Ala-rich domains and Ser-rich domains in the four major silk proteins (Vssilk 1-4) of V. simillima xanthoptera Cameron, which was determined by inputting their amino-acid sequences into PROSITE and MARCOIL programs. This figure shows that close to 20% of the Ala residues in Vssilk 1-4 exists in Ser-rich domains, suggesting that the structural information obtained from the Ala peaks in the NMR spectra of hornet silk includes structural information not only for the Ala-rich domains but also for the Ser-rich domains. Figure 4 The fractions of Ala resides in a-helices determined from the 13 C DP-MAS NMR spectra of hornet silk as a function of repetition time (K) and from the 13 C CP-MAS NMR spectra as a function of contact time (J).
Quantifying the fraction of alanine residues T Kameda Figure 5 shows that approximately 60% of the Ala residues in Vssilk 1-4 exist in coiled-coil domains. A prerequisite for the formation of a coiled-coil structure is that protein chains form an a-helix conformation. Therefore, if 60% of Ala residues are within a coiled-coil structure, the fraction of Ala residues in an a-helical conformation must be equal to or greater than 60%. It should be noted that this coiled-coil Ala fraction (60%) is identical to the fraction of Ala in a-helices determined by solid-state NMR (Figure 4 ). Based on this finding, most of the Ala residues in a-helices are found in the coiled-coil region; that is, the amount of a-helical Ala without or outside coiled-coil formations is small. As the coiled-coil structure only exists in the Ala-rich domain and not in the Ser-rich domain ( Figure 5 ), a-helices mostly form in the Ala-rich domain, and infrequently form in the Ser-rich domains. We deduce that the Serrich domains in hornet silk would preferentially adopt a b-sheet conformation.
Coiled-coil prediction analysis indicated that the potential coiledcoil domains are located only in the central portion of the protein chains of the major hornet silk proteins. Protein domain prediction analysis indicated that Ala-rich domains are the central portion of protein chains of the major hornet silk proteins, whereas Ser-rich domains are the ends of the protein chains. Therefore, we deduce that the a-helical conformation mostly forms in the central portion of the hornet silk chains, whereas the ends of the protein chains would preferentially adopt a b-sheet conformation.
CONCLUSION
The conclusions of the present study are summarized below: (1) Although the hornet is a social insect and all larval baits are brought by adult hornets, we could breed hornet fifth-instar larvae until the larvae spin hornet silk, by artificially feeding larvae saliva. By feeding the larvae saliva mixed with isotopelabeled DL-Ala-13 C 3 , [ 13 C 3 ]Ala was incorporated into the hornet silk, and [ 13 C 3 ]Ala-enriched hornet silk was obtained. (2) The enriched hornet silk is suitable for investigation via NMR.
We proposed that the Ala C a peaks of the CP-and DP-MAS NMR spectra of hornet silk could be used to determine the quantitative ratio between Ala residues in a-helices and b-sheets.
(3) From the quantitative NMR analysis of the Ala C a peaks and the bioinformatics analysis of hornet silk, Ala residues in an a-helical conformation were found to exist primarily in the center of the protein chains, the Ala-rich domains, of hornet silk. In contrast, both ends of the protein chains, the Ser-rich domains, are nearly devoid of a-helical structure. Therefore, we confirmed that the Ser-rich domains in hornet silk preferentially adopt a b-sheet conformation. The finding that the Ser-rich domain in hornet silk preferentially adopts a b-sheet conformation gives an important clue to elucidate the mechanisms underlying hornet silk formation during larval spinning, deformation when drawing the hornet silk materials and hornet silk gel formation in aqueous solution. Figure 5 Fractions of Ala residues within coiled-coil domains in the Ala-rich and Ser-rich domains of the four major proteins (Vssilk 1-4) of V. simillima xanthoptera Cameron were determined from their amino-acid sequences by MARCOIL and PROSITE programs.
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